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Introduction
Adipose tissue dysfunction plays a critical role in the development 
of insulin resistance (IR), a major risk factor for type 2 diabetes, 
fatty liver diseases, and cardiovascular complication (1, 2). Aside 
from functioning as a major energy storage organ, adipose tissue 
has been recognized as an endocrine organ that mediates many 
biological processes (3), including glucose metabolism (4), inflam-
mation (5), and angiogenesis (6). A number of secretory molecules 
such as leptin (7), adiponectin (8), and retinol binding protein 4 
(RBP4) (9) have been identified in adipocytes, and dysregulated 
expression, secretion, and function of these adipokines are asso-
ciated with obesity, IR, and cardiovascular complications (10). 
However, the identities and functions of many other adipokines in 
obesity-related metabolic diseases remain largely unclear.

Leucine-rich alpha-2-glycoprotein 1 (LRG1), which was initial-
ly isolated from human plasma (11), is a member of a highly con-
served protein family that contains the leucine-rich-repeat (LRR) 
domains (12). In addition to regulating angiogenesis (12), LRG1 
has also been implicated in a number of diseases such as cancer 
(13–15), arterial stiffness (16), heart failure (17), aging (18), and 

inflammatory disorders (19). However, the function and mecha-
nisms of action of LRG1 in metabolism remain unknown.

Here, we identify LRG1 as an obesity-induced adipokine 
that exacerbates diet-induced metabolic dysfunction. LRG1 
binds with high selectivity to mouse liver and mediates obesity- 
induced hepatosteatosis. LRG1 also suppresses insulin signal-
ing in hepatocytes by downregulating insulin receptor substrate 
1 and substrate 2 (IRS1 and IRS2) expression. Our study reveals 
LRG1 as a potential target for therapeutic treatment of obesity- 
associated metabolic diseases.

Results
Identification of LRG1 as an adipokine. To identify secretory mole-
cules in fat tissues potentially involved in the regulation of energy 
homeostasis, we investigated gene expression profiles of mature 
adipocytes versus preadipocytes by microarray expression anal-
ysis (Supplemental Figure 1A; supplemental material available 
online with this article; https://doi.org/10.1172/JCI148545DS1). 
Based on the presence of potential N-terminal signal peptides 
and the cellular localization of the proteins, we identified over 
400 genes encoding potential secretory molecules with at least 
2-fold difference using a P value (false positive rate) less than or 
equal to 0.05 as the cutoff criteria. Among these genes, the expres-
sion levels of 134 genes were significantly altered in both brown 
adipocytes and 3T3-L1 white adipocytes during differentiation 
(Supplemental Figure 1B). From these 134 genes (Supplemental 
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and protein (Figure 1H) levels of LRG1 were primarily detected 
in adipocytes rather than SVFs, which is consistent with the find-
ing from RNA-Seq database analysis showing that Lrg1 is highly 
enriched in adipocytes (20, 21). Collectively, these results demon-
strate that LRG1 is an adipokine.

LRG1 levels are increased in obese mice and humans. Based on 
the finding that the serum levels of LRG1 correlate with diabetic 
complications in humans (16), we asked whether LRG1 levels are 
altered in obesity. The circulating levels of LRG1 were significant-
ly elevated in obese human subjects compared with lean individu-
als (Figure 2A). LRG1 mRNA levels were positively correlated with 
body mass index (BMI) in human subcutaneous white adipose 
tissue (Figure 2B). Consistent with the human data, LRG1 levels 
were significantly higher in the serum (Figure 2C) and fat depots 
(Figure 2D) including BAT, iWAT, and eWAT of mice fed a high 
fat diet (HFD) compared with mice fed a normal chow (NC) diet. 
A significant increase in LRG1 protein levels was also observed 
in both the serum (Figure 2E) and adipose tissues (Figure 2F) of  
db/db mice compared with their lean control mice. The positive 
correlation of LRG1 expression and secretion with obesity sug-
gests that LRG1 may contribute to obesity-induced insulin resis-
tance and metabolic dysfunction. Interestingly, the expression 
and secretion of LRG1 in adipocytes was greatly promoted by high 

Figure 1C), we identified 46 genes that were upregulated in both 
brown and white adipocytes (Figure 1A), including those encoding 
well-recognized adipokines such as adiponectin (Adipoq), neu-
regulin 4 (Nrg4), and angiopoietin-like 4 (Angptl4). Interestingly, 
a gene named Lrg1 showed the highest levels of induction during 
adipocyte differentiation. Quantitative PCR (qPCR) analysis con-
firmed that Lrg1 mRNA levels were significantly enhanced in fully 
differentiated adipocytes versus preadipocytes (Figure 1, B and 
C). LRG1 protein levels were also markedly induced during brown 
and white adipocyte differentiation, and were readily detected in 
the medium of cultured adipocytes (Figure 1D), indicating LRG1 
as a secreted protein. While Lrg1 mRNA was detected in the liver 
(16) and other tissues in both humans (Supplemental Figure 1D) 
and mice (Supplemental Figure 1E), LRG1 protein expression was 
detected predominantly in human adipose tissue compared with 
liver (Figure 1E). In line with this finding, high LRG1 protein levels 
were almost exclusively detected in mouse fat depots including 
brown adipose tissue (BAT), inguinal white adipose tissue (iWAT), 
and epididymal white adipose tissue (eWAT; Figure 1F), but not 
in other tissues examined. To further dissect the source of LRG1 
expression in adipose tissue, we examined LRG1 expression in 
adipocytes and stromal vascular fractions (SVFs) freshly purified 
from different fat pads. We found that both the mRNA (Figure 1G) 

Figure 1. Identification of LRG1 as an adipokine. (A) Upregulation of secretory factors during brown and 3T3-L1 cell differentiation (n = 3/treatment 
group). High and low represent the value of Z score. Lrg1 mRNA levels before and after brown (B) and white (C) adipocyte differentiation (n = 4/group). (D) 
LRG1 protein levels during adipocyte differentiation. CM: cell culture medium. Adpn: Adiponectin. (E) LRG1 protein levels in human liver (n = 6) and adipose 
tissues (n = 6). (F) Tissue distribution of LRG1 protein in 4-month-old male C57BL/6J mice after saline perfusion. (G) Lrg1 mRNA and (H) protein levels in 
adipocyte and SVFs of C57BL/6J mice. Adip: adipocytes. Data in D, F, and H are representative of 3 independent experiments. All graphical data represent 
mean ± SEM. Unpaired 2-tailed t test, *P ≤ 0.05, **P ≤ 0.01, and ****P ≤ 0.0001.
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lipolytic gene expression (Supplemental Figure 3A) and decreased 
lipid uptake gene expression (Supplemental Figure 3B), but without 
an effect on the expression of genes related to lipogenesis (Supple-
mental Figure 3C) and fatty acid oxidation (Supplemental Figure 
3D). Of note, knockout of the Lrg1 gene had no effect on adipo-
cyte numbers (Supplemental Figure 3, E and F) or the expression 
of other adipokines such as adiponectin and leptin (Supplemental 
Figure 3, G and H). Interestingly, despite an abundant Lrg1 mRNA 
expression in BAT, knockout of Lrg1 had no significant effect on the 
expression of thermogenic genes or uncoupling protein 1 (UCP1) 
levels in mice under either room temperature or cold stress con-
ditions (Supplemental Figure 3, I–L). However, LRG1 deficiency 
decreased fasting insulin levels (Figure 3D), improved glucose 
tolerance (Figure 3E), enhanced insulin sensitivity (Figure 3F), 
and ameliorated hepatosteatosis (Figure 3G) in mice. Additional-
ly, the Lrg1KO mice exhibited increased insulin-stimulated protein 
kinase B (Akt) phosphorylation in the liver, fat, and skeletal mus-
cle compared with WT controls (Figure 3, H–J). The effect of LRG1 
on insulin signaling seems selective since there was no significant 

glucose stimulation (Figure 2G). On the other hand, metformin 
treatment markedly suppressed LRG1 expression and secretion 
in adipocytes (Figure 2H).

Knockout of the Lrg1 gene protects mice from diet-induced obesity, 
hepatosteatosis, and insulin resistance. To explore the physiological 
role of LRG1 in metabolism, we assessed several metabolic pheno-
types of Lrg1-deficient mice (Lrg1KO) and WT control mice. Lrg1KO 
mice (Supplemental Figure 2, A and B) were born at a normal Men-
delian ratio. Under NC feeding conditions, the Lrg1KO mice showed 
no significant differences in body weight (Supplemental Figure 2, 
C–E), food intake (Supplemental Figure 2F), locomotor activity 
(Supplemental Figure 2, G and H), and energy expenditure (Sup-
plemental Figure 2, I and J) compared with WT controls. Addition-
ally, no significant difference was observed in glucose tolerance, 
insulin sensitivity, and fasting insulin levels between Lrg1KO mice 
and WT mice fed a NC diet (Supplemental Figure 2, K–M). Under 
HFD feeding conditions, however, Lrg1KO mice showed reduced 
body weight gain (Figure 3A) and smaller adipocyte cell size (Fig-
ure 3, B and C), which were correlated with a slightly increased 

Figure 2. LRG1 is upregulated in obesity. (A) LRG1 protein levels in human serum (nonobese: n = 6, obese: n = 7). Bar graph shows quantification of the 
Western blot intensity using Image J software. (B) LRG1 gene expression in human subcutaneous adipose tissue plotted against BMI (n = 23). (C) Serum 
LRG1 protein levels in male C57BL/6J mice fed a NC or a HFD diet (n = 7/group) for 16 weeks. (D) Quantification of LRG1 immunoblots in adipose tissues of 
NC- or HFD-fed C57BL/6J male mice (n = 7/group). (E) LRG1 protein levels in the serum of 4-month-old leptin receptor–deficient (db/db) and control mice 
(wt/db) (n = 4/group). (F) LRG1 protein levels in adipose tissues of db/db and wt/db mice (n = 4 per group). (G) LRG1 protein levels in cells and cell culture 
medium (CM) after glucose treatment for 48 hours. (H) LRG1 protein levels in cells and cell culture medium (CM) after 1 mM metformin treatment for 48 
hours. Data in G and H are representative of 3 independent experiments. Data in B were analyzed using linear regression. The rest of the graphical data 
represent mean ± SEM. Unpaired 2-tailed t test, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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in vivo, we intravenously injected mice with near-infrared (NIR) 
fluorochrome–labeled LRG1 (Tag-LRG1). Mice were sacrificed at 
different time points after Tag-LRG1 injection and tissue-specific 
binding of Tag-LRG1 to different organs was examined ex vivo. At 
16 hours after injection, substantial Tag-LRG1 fluorescence sig-
nal was detected primarily in the liver and kidney, and to a less-
er extent in fat, pancreas, and bone, but not at all in the brain or 
skeletal muscle (Figure 4, C and D). At 48 hours after injection, 
binding of Tag-LRG1 was observed only in the liver (Figure 4, E 
and F). These observations indicate that liver is one of the major 
target tissues for LRG1 action.

LRG1 suppresses insulin signaling and promotes gluconeogenesis 
in hepatocytes. To comprehensively investigate the effect of LRG1 

difference in insulin-stimulated phosphorylation of the extracellu-
lar regulated MAP kinase (ERK) between HFD-fed Lrg1KO and WT 
mice (Supplemental Figure 3, M–O).

Liver is the major target tissue of LRG1 action. To identify the 
potential target tissue(s) of LRG1 action, we generated a fusion 
protein with the secreted alkaline phosphatase (SEAP) fused to 
the N-terminus of LRG1 (SEAP-LRG1). Binding assays on frozen 
mouse tissue sections revealed that LRG1 binds to liver, kidney, 
and heart, but not to brain and skeletal muscle (Figure 4A). The 
binding of SEAP-LRG1 to the liver was blocked by preincubating 
the tissue with a competitive binding ligand LRG1 protein (LRG1-
Myc-His; Figure 4B), confirming the specificity of the SEAP-LRG1 
binding assay. To validate the tissue-selective binding of LRG1 

Figure 3. Lrg1 knockout protects mice from diet-induced hepatic steatosis and insulin resistance. (A) Body weight of Lrg1KO mice (n = 16) and WT lit-
termates (n = 18) fed a HFD for 16 weeks. (B) H&E staining of adipose tissues from Lrg1KO and WT mice fed with HFD for 16 weeks (scale bar: 100 μm). (C) 
Quantification of white adipocyte cell size based on H&E staining (n = 5 sections/group). (D) Overnight fasting serum insulin levels of Lrg1KO mice (n = 9) 
and WT littermates (n = 8) after 16 weeks of HFD feeding. (E) GTT and (F) ITT of Lrg1KO mice (n = 16) and WT littermates (n = 18) fed a HFD for 16 weeks. (G) 
Overall liver tissue appearance, H&E staining, and Oil Red O staining of liver tissues from Lrg1KO mice and WT littermates treated with HFD for 16 weeks 
(scale bar: 100 μm). (H) Liver tissue, (I) iWAT, and (J) skeletal muscle tissue was isolated from HFD-fed Lrg1KO mice and control littermates injected with 
saline or insulin (n = 3/treatment group, 1.5 U/kg body weight, 5 minutes). Akt phosphorylation and protein levels in these tissues were determined by 
Western blot and quantified by Image J. Data in B and G are representative of 3 independent experiments. Data represent mean ± SEM. Unpaired 2-tailed  
t test, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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plemental Figure 4, D and E). It is interesting to note that while 
LRG1 has been shown to be involved in pathogenesis of inflam-
mation in rheumatoid arthritis and inflammatory bowel disease 
(22), knockout of Lrg1 had no significant effect on the expression 
of inflammatory and hepatokine genes in the liver of HFD-fed 
mice (Supplemental Figure 4, F and G).

To determine whether LRG1 has a direct effect on hepatic 
insulin signaling, we treated mouse primary hepatocytes with 

in the liver, we performed RNA-Seq analysis on primary hepato-
cytes treated with or without LRG1. Among several gene clusters 
identified (Supplemental Figure 4A), genes involved in insulin 
response (Supplemental Figure 4B) and lipid metabolism (Sup-
plemental Figure 4C) were greatly altered by LRG1 treatment. 
Consistently, a separate RNA-Seq analysis on liver tissues of 
HFD-fed WT and Lrg1KO mice revealed that many genes involved 
in lipid, glucose, and drug metabolism were greatly altered (Sup-

Figure 4. Identification of liver as a major target tissue of LRG1. (A) Binding of SEAP or SEAP-LRG1 to frozen tissue sections prepared from male 
C57BL/6J mice (scale bar: 1000 μm for brain and liver, 500 μm for muscle, kidney, and heart). (B) Binding of SEAP-LRG1 to liver tissue with or without 
preincubation of purified Myc-His-tagged recombinant LRG1 (scale bar: 1000 μm). (C) Biodistribution of LRG1 in vivo 16 hours after i.v. injection. Organs iso-
lated from mice injected with Vivo tag680 (Tag) or Vivo Tag680-LRG1(Tag-LRG1) were subjected to Epi-luminescence imaging (n = 3/group). The color bar 
indicates the intensity of florescence signal based on radiance values (photons/second/cm2/steradian). (D) Quantification of LRG1 in vivo biodistribution 
16 hours after i.v. injection, data were calculated based on radiance values of each tissue (photons/second/cm2/steradian). (E) Epi-luminescence imaging 
measurement of biodistribution of LRG1 in vivo 48 hours after i.v. injection (n = 3 per group). (F) Quantification of LRG1 in vivo biodistribution 48 hours 
after i.v. injection. Data in A, B, C, and E are representative of 3 independent experiments. Data in D and F represent mean ± SEM. Unpaired 2-tailed t test, 
*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.
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LRG1. Insulin-stimulated phosphorylation of Akt was inhibited 
by LRG1 in a dose- and time-dependent manner (Figure 5, A 
and B). However, LRG1 treatment had no effect on ERK phos-
phorylation (Figure 5C and Supplemental Figure 5A), suggesting 
that the PI3K-Akt pathway is the primary LRG1 target down-
stream of the insulin receptor. Furthermore, LRG1 treatment 
suppressed the expression of insulin receptor substrate IRS1 and 
IRS2, but had no effect on the protein levels of insulin receptor 
β subunit (IR-β), PI3K-p85, 3-phosphoinositide–dependent pro-
tein kinase-1 (PDK1) or Akt (Figure 5C and Supplemental Figure 
5A). Consistent with these results, the protein levels of IRS1 and 
IRS2 were upregulated in the liver of Lrg1KO mice compared with 
the control littermates fed with HFD (Figure 5D), suggesting a 
possible mechanism underlying the increased insulin signal-
ing in LRG1-deficient mice. Treating primary hepatocytes with 

LRG1 also induced the expression of the gluconeogenic gene 
glucose-6-phosphatase (G6Pase; Figure 5E), and attenuated the 
suppressive effect of insulin on gluconeogenesis (Figure 5F), fur-
ther suggesting an inhibitory effect of LRG1 on hepatic insulin 
signaling. It is interesting to note that LRG1 treatment had no 
significant effect on insulin-stimulated Akt or ERK phosphor-
ylation in both brown and 3T3-L1 adipocytes as well as mouse 
primary adipocytes (Supplemental Figure 5, B–D), indicating 
that adipocytes are not the primary target of LRG1 action. Given 
that LRG1 has been shown to modulate the transforming growth 
factor beta (TGF-β) signaling pathway in endothelial cells (12), 
we tested whether TGF-β signaling is involved in LRG1-medi-
ated inhibition of insulin signaling in hepatocytes. Knockout of 
transforming growth factor beta receptor 2 (Tgfbr2) in primary 
hepatocytes (Supplemental Figure 5E) or suppressing TGF-β 

Figure 5. LRG1 promotes insulin resistance through downregulation of IRS expression in hepatocytes. (A) Dosage effect of LRG1 protein treatment 
on insulin signaling in hepatocytes. Primary hepatocytes from C57BL/6J mice were pretreated with different doses of LRG1 for 16 hours before treated 
with 10 nM insulin for 5 minutes. (B) Time effect of LRG1 protein treatment on insulin signaling in mouse primary hepatocytes. Cells were pretreat-
ed with LRG1 at 20 μg/mL for indicated lengths of time prior to stimulation with 10 nM insulin for 5 minutes. (C) Protein and/or its phosphorylation 
levels of insulin signaling components in primary hepatocytes treated with or without LRG1 (20 μg/mL, 16 hours) prior exposure to insulin (10 nM, 5 
minutes) (n = 3/treatment group). (D) IRS1/2 protein levels in the liver tissue of WT and Lrg1KO mice after fed with HFD for 16 weeks (n = 4/group). (E) 
qPCR evaluation of G6Pase mRNA levels in hepatocytes treated with or without LRG1 (20 μg/mL) for 1 hour (n = 3/group). (F) The effect of LRG1 (20 μg/
mL, 16 hours) on insulin-induced suppression of gluconeogenesis in mouse primary hepatocytes (n = 3/treatment group). Primary hepatocytes from 
C57BL/6J mice were treated with the reagents as indicated, the glucose release was then measured by colorimetric method. All cell experiments were 
independently repeated for 3 times. Data represent mean ± SEM. Unpaired 2-tailed t test for (C–E). One-way ANOVA followed by Tukey’s test for F.  
*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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Figure 6. LRG1 contributes to diet-induced hepatic steatosis through suppressing β-oxidation and promoting de novo lipogenesis. Lrg1KO mice and WT 
control mice were under HFD feeding for 16 weeks. (A) Liver triglyceride content, (B) liver cholesterol levels, (C) serum triglyceride contents, and (D) serum 
cholesterol levels of these mice were detected (n = 7 mice/group). qPCR determination of the expression of genes involved in lipid uptake (E), lipid export 
(F), and fatty acid β-oxidation (G) in the liver tissues of Lrg1KO and WT littermates fed a HFD for 16 weeks (n = 8–10 mice/group). (H) The relative lipogenic 
protein levels from the liver tissues of these mice as quantified from Western blots by Image J (4 mice/group). (I) Fatty acid β-oxidation in primary hepato-
cytes treated with PBS or LRG1 (20 μg/mL) overnight was determined by using 14C-labeled palmitic acid as substrate (n = 3/treatment group). (J) Lipogen-
esis in primary hepatocytes treated with LRG1 or insulin overnight was determined by using 14C-labeled acetic acid as a substrate (n = 3/treatment group). 
All cell experiments were independently repeated for 3 times. Data represent mean ± SEM. Unpaired 2-tailed t test for (A–I). One-way ANOVA followed 
by Tukey’s test for J. *P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001. (K) A proposed model on the mechanism by which LRG1 mediates obesity-induced hepatic 
steatosis and insulin resistance. Obesity-induced LRG1 production in adipose tissue activates SREBP1 in the liver via an endocrinal mechanism, leading to 
enhanced de novo lipogenesis and suppressed fatty acid β-oxidation and consequent hepatic steatosis. LRG1 also inhibits insulin signaling by suppressing 
IRS1/2 expression, contributing to hepatic insulin resistance and hyperglycemia.
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be a promising drug target for therapeutic treatment of obesity- 
induced metabolic diseases (Figure 6K).

Lrg1 mRNA and/or LRG1 protein were detected in several cells 
including endothelial cells (12), granulocytes (25), and cancer cells 
(26), as well as in the liver (27, 28). Interestingly, while we detected 
high levels of Lrg1 mRNA in the liver, LRG1 protein was principally 
detected in human (Figure 1E) and mouse adipose tissues but not 
in liver, muscle, pancreas, kidney, and heart (Figure 1F, and Sup-
plemental Figure 2B). The specificity of the anti-LRG1 antibody 
has been validated by using tissues from Lrg1KO mice (Supplemen-
tal Figure 2B). The levels of LRG1 in serum and adipose tissue are 
positively associated with BMI in both humans (Figure 2, A and 
B) and mice (Figure 2, C–F). Together with the findings that LRG1 
expression is predominantly in adipocytes but not SVFs (Figure 1, 
G and H) and that the protein is secreted from adipocytes (Figure 
1D), we demonstrate that adipocytes are the major cell source of 
LRG1 expression and secretion.

An interesting observation made in this study is that LRG1 
selectively suppresses IRS expression and insulin-stimulated PI3K 
signaling pathway in hepatocytes. Dysregulation of IRS expression 
has been found in multiple obesity models (29, 30), which contrib-
utes to the development of insulin resistance in obese human and 
animals (31). However, the mechanism by which obesity promotes 
IRS downregulation remains largely unclear. Several transcription 
factors have been identified to regulate Irs1/2 gene expression. 
Overexpression of the peroxisome proliferator-activated recep-
tor γ coactivator 1α (Pgc1a) increased the expression of Irs2 but 
reduced the expression of Irs1 in mouse hepatocytes (32). Upreg-
ulation of Irs2 has also been found to be promoted by forkhead 
box O1 (Foxo1) and phosphorylated cAMP responsive element 
binding protein 1 (CREB) under nutrient deprivation conditions 
(33, 34). By contrast, sterol regulatory-element binding proteins 
(SREBPs) suppress Irs2 expression, at least in part by interfering 
with FOXO1 binding to the Irs2 promoter (33). Intriguingly, we 
found nuclear form N-SREBP1, but not the SREBP1 expression, 
markedly decreased in livers of Lrg1KO mice, suggesting a potential 
mechanism by which LRG1 regulates Irs gene expression. Howev-
er, whether other transcription factors are also required for both 
regulation of Irs1/2 expression remains to be further investigated. 
Nevertheless, the findings that obesity greatly upregulates LRG1 
expression and that this adipokine directly targets on hepatocytes 
to negatively regulate IRS levels suggest a potential mechanism 
by which obesity suppresses hepatic insulin signaling and induces 
insulin resistance. Interestingly, we found that LRG1 production 
in adipocytes is suppressed by metformin, which has previously 
been shown to induce IRS expression in human granulosa cells 
(35). Additional studies will be needed to determine whether the 
insulin-sensitizing effect of metformin is mediated by downregu-
lating LRG1 in vivo.

Insulin is well recognized as the major activator of de novo 
lipogenesis (DNL) in the liver (36). However, under obesity and 
type 2 diabetes conditions, elevated lipogenic capacity persists 
despite severe insulin resistance (37). While the mechanisms of 
such paradox are not completely understood, we found that LRG1 
treatment, which suppresses insulin signaling, is able to stimu-
late lipogenesis in hepatocytes. Consistent with this result, LRG1 
treatment is sufficient to induce de novo lipogenesis without insu-

receptor downstream signaling component (Smad4) in hepato-
cellular carcinoma cells (Supplemental Figure 5F) had no effect 
on the inhibitory role of LRG1 in insulin signaling. These data 
suggest that the inhibitory effect of LRG1 on hepatic insulin sig-
naling is independent of TGF-β signaling.

Based on the finding that insulin signaling coordinates the 
metabolic response to feeding in the liver (23), we examined the 
potential role of LRG1 on hepatic insulin signaling under fasting/
refeeding conditions. We found that LRG1 levels were moderately 
increased in the circulation and WAT, but not BAT, of mice under 
refeeding conditions (Supplemental Figure 6, A–D). However, 
LRG1 deficiency had no significant effect on hepatic insulin signal-
ing (Supplemental Figure 6E) or insulin-stimulated suppression 
of gluconeogenic gene expression and increase of lipid synthesis 
gene expression (Supplemental Figure 6, F and G) under refeed-
ing conditions. Given that fasting and refeeding cause metabolic 
reprogramming that affects the expression of numerous genes or 
secretion of various molecules (24), it is possible that the effect of 
LRG1 on insulin signaling may be masked by those factors under 
these physiological conditions.

LRG1 suppresses fatty acid β-oxidation and promotes de novo 
lipogenesis in the liver. Consistent with the finding that LRG1 
deficiency protected mice from HFD-induced hepatic steato-
sis (Figure 3G), the Lrg1KO mice showed a significant decrease in 
hepatic and serum triglyceride and cholesterol levels compared 
with control mice (Figure 6, A–D). Quantitative PCR analysis 
showed that there was no significant difference in the expression 
of genes involved in lipid uptake (Figure 6E) and export (Figure 
6F) between control and Lrg1KO mice. However, LRG1 deficien-
cy greatly induced the expression of genes involved in fatty acid 
β-oxidation (Pparα and Cpt1a; Figure 6G) and significantly sup-
pressed lipogenic gene expression as evidenced by a decrease in 
the protein levels of the activated nucleus form of sterol regulatory 
element binding transcription factor 1 (N-SREBP1), fatty acid syn-
thase (FAS), and stearoyl-CoA desaturase-1 (SCD1; Figure 6H). 
Consistent with these results, LRG1 significantly suppressed fatty 
acid oxidation (Figure 6I) and enhanced lipogenesis (Figure 6J) in 
mouse primary hepatocytes. These findings reveal that LRG1 may 
aggravate HFD-induced hepatosteatosis by suppressing fatty acid 
catabolism and promoting lipid biosynthesis.

Discussion
Adipokines mediate the intra- and inter-tissue communication in 
our body and play important roles in maintenance of whole-body 
energy homeostasis. Under certain pathological situations, such 
as obesity, dysregulation in adipokine biosynthesis and secretion 
may be a critical step for the development of various metabolic 
disorders. Here, we report the identification and characterization 
of a novel adipokine, LRG1, that mediates diet-induced obesity, 
insulin resistance, and hepatosteatosis. LRG1 exerts its endocrine 
action by binding to liver with high selectivity. HFD-induced ele-
vation of serum LRG1 exacerbates hepatosteatosis by suppressing 
fatty acid β-oxidation and promoting de novo lipogenesis in mice. 
Binding of LRG1 to liver tissues also induces hyperglycemia by 
inhibiting insulin signaling and promoting gluconeogenesis. Our 
study identifies a new mechanism that mediates a metabolic cross-
talk between fat and liver in obesity, suggesting that LRG1 may 
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In summary, we uncover LRG1 as an adipokine whose expres-
sion and secretion are positively correlated with obesity in both 
humans and mice. We also provide evidence that LRG1 plays 
a key role in mediating obesity-induced hepatosteatosis and 
insulin resistance, suggesting that suppressing LRG1 levels and 
function may be an effective therapeutic treatment for obesity- 
induced metabolic diseases.

Methods
Experimental materials. Primer sequences used in this study are listed 
in Supplemental Table 1. Details of antibodies used in this study are 
listed in Supplemental Table 2. Sources of cell lines and animals used 
in this study are listed in Supplemental Table 3. For generation of LRG1 
antibody, 3 peptide fragments of mouse LRG1 protein (HGPTEFPSSL-
PA, RLQRLEDSLLAP, KGQRLLDVAELG) were used for injection to 
produce homemade rabbit antibody. The specificity of LRG1 antibody 
was validated in Western blots by comparing Lrg1KO to WT mice tissue 
samples which showed absence of LRG1 protein bands in serum and 
adipose tissues of Lrg1KO samples (Supplemental Figure 2B).

Human samples and study approval. Human serum and adipose 
tissue samples were provided by Christie Bialowas in the Department 
of Surgery at the University of Texas Health San Antonio (UTHSA) 
through collaboration (46). Human liver samples were nonpatholog-
ical tissue obtained from patients undergoing hepatectomy for meta-
static disease (such as pancreatic carcinoma/gallbladder carcinoma). 
Body mass index was calculated as weight divided by squared height 
value. Serum samples were collected by centrifuging whole blood at 
800g for 10 minutes at 4°C. Subcutaneous adipose tissues and liver 
tissues were isolated and immediately frozen in liquid nitrogen, then 
transferred into –80°C freezer for long-term storage.

Animal studies. All animal studies were performed in accordance 
with the guidelines approved by the IACUC of University of Texas 
Health San Antonio (UTHSA). Lrg1KO mice were obtained from the 
Knockout Mouse Project (KOMP Repository, UC Davis) in C57BL/6J 
background. Strategically, genomic sequence of Lrg1 (which contains 
2 exons) was replaced by a targeting cassette (contains a β-galactosi-
dase gene and selection marker which can be removed in the presence 
of Cre recombinase). WT and homozygous knockout littermates were 
acquired by breeding heterozygous to heterozygous mice. All animal 
experiment groups were randomly assigned with mice of desired gen-
otype. Mice were housed under 12-hour light/dark cycles with free 
access to food and water. For chow feeding, mice were fed with Teklad 
laboratory diet (ENVIGO, catalog 7012, with 17% calories from fat). 
Cold stress experiments were performed as previously described (47). 
In brief, mice were housed individually (with free access to food and 
water) and kept at 4°C for 4 hours/day for a total of 4 days; fat tissues 
were then harvested for further analysis. For HFD feeding, mice were 
fed with a diet containing 45% of calories from fat (Research Diets 
Inc., catalog D12451), starting at 8 weeks of age for 16 weeks. Body 
weight was measured weekly, body composition was measured using 
quantitative magnetic resonance imaging (qMRI), and metabolic cage 
study was performed using Oxymax-CLAMS (Comprehensive Lab 
Animal Monitoring System) in the Healthspan and Functional Assess-
ment Core of UTHSA. Food intake was measured daily with individual 
housing. For glucose tolerance test (GTT), mice were prehandled dai-
ly for 1 week before overnight fasting under singly housed conditions, 
blood glucose levels of the mice were measured using glucose meter 

lin presence. Together with the finding that knockout of LRG1 
suppressed the activation of SREBP1 but not its expression, these 
results suggest that LRG1 may promote lipogenesis through an 
SREBP1-dependent but insulin-independent novel mechanism. 
This observation would provide an answer to the paradox that 
lipogenesis is enhanced in the liver despite severe insulin resis-
tance under obesity and type 2 diabetes conditions.

One important question yet to be answered is how LRG1 
regulates insulin signaling and lipid metabolism in the liver. As 
a secretory molecule, LRG1 may regulate liver metabolism by 
binding to an as-yet-unidentified membrane receptor in hepato-
cytes. Identification of the LRG1 receptor and/or its downstream 
targets would thus shed light on the signaling mechanism by 
which LRG1 inhibits insulin signaling and promotes hepatoste-
atosis. It has been reported that LRG1 could exert its function by 
binding to TGFBR2 to modulate TGF-β signaling in cancer and 
endothelial cells (12, 15, 38, 39). However, although dysregula-
tion of TGF-β signaling has been implicated in the development 
of insulin resistance (40, 41) and nonalcoholic fatty liver disease 
(NAFLD; ref. 42), we found that neither knockout of Tgfbr2 nor 
disrupting TGF-β signaling had an effect on LRG1-mediated sup-
pression of insulin signaling in hepatocytes. These data suggest 
that the action of LRG1 on hepatic insulin signaling and action 
is independent of TGF-β signaling. It is interesting to note that 
the serum levels of LRG1 are relatively high (about 2.03–50 μg/
mL; ref. 11, 43). Given that high levels of serum proteins may 
function as carries to transport lipids, hormones, vitamins, and 
minerals in the circulatory system, we cannot exclude the possi-
bility that LRG1 may exert its function by interacting with other 
serum factors, rather than functioning as a hormone to bind to its 
membrane receptor. Further studies are needed to elucidate the 
signaling mechanism of LRG1 action.

While our results show that liver is a major target tissue for 
LRG1 binding and action, a weak LRG1 binding was also detect-
ed in other metabolic tissues such as adipose tissues. Our data 
show that LRG1 treatment had an inhibitory effect on insu-
lin-stimulated Akt phosphorylation in hepatocytes, but not in 
adipocytes, revealing a selective effect of LRG1 on liver. This 
could be due to selective expression of an LRG1 receptor or spe-
cific LRG1-associated signaling molecules in hepatocytes. Thus, 
the improved insulin sensitivity in adipose and muscle tissues of 
the Lrg1KO mice in vivo is most likely caused by a secondary effect 
resulting from liver-mediated improvement of whole-body ener-
gy homeostasis. In line with this, LRG1 deficiency had only a 
small effect on the expression of lipolytic and lipid uptake genes 
in adipose tissue of HFD-fed mice. In addition, no difference in 
cold stress–induced thermogenic gene expression was detected 
between WT and Lrg1KO mice. Besides liver, LRG1 binding sig-
nals were also detected in bone, pancreas, kidney, and heart, 
but the role of LRG1 in obesity-induced metabolic dysfunction 
in these organs remains elusive. Based on our finding that LRG1 
is positively associated with insulin resistance as well as other 
reports linking the role of this protein with diabetic kidney dis-
ease (38), inflammation (44), and heart failure (45), it is possible 
that increased LRG1 binding may contribute to obesity-induced 
metabolic disturbance in these organs. Further studies will be 
required to test these possibilities.
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diameter assuming cubic closest packing. Adipocyte numbers of fat 
pads were calculated based on fat pad volume (calculated based on 
weight) and adipocyte density (cells/unit volume).

Primary hepatocyte isolation. Primary hepatocytes were isolated 
following a procedure previously described (50), with minor modifi-
cation. In brief, 2- to 4-month-old male mice were anesthetized, liv-
er was first perfused with Hanks’ Balanced Saline (HBSS) containing 
0.5 mM EGTA and digested with collagenase (Sigma, catalog C-6885; 
0.05% collagenase in HBSS with 1%BSA). Cells were filtered through 
2 layers of gauze, resuspended, and collected through centrifuge 
before being seeded into collagen-coated plates in William’s E medi-
um (Life Technologies, catalog 12551032) supplemented with 5% FBS 
and GlutaMax (Gibco, catalog 35050-061).

Glucose output assay. For measuring gluconeogenesis, primary 
hepatocytes were rinsed with prewarmed PBS and serum starved in 
glucose-free DMEM medium overnight before medium was replaced 
with fresh glucose-free DMEM (without phenol red) containing 20 mM 
sodium lactate and 2 mM sodium pyruvate. For induction of glucose 
production, 1 μM dexamethasone and 500 μM 8-bronoadenosine 3′-, 
5′-cyclic monophosphate (8-Br-cAMP) were included in the medium. 
For insulin-induced suppression of glucose production, 10 nM insulin 
was included in the medium. Condition medium was collected after 
a 6-hour incubation, and glucose concentration was measured using 
a colorimetric glucose assay kit (Life Technologies, catalog A22189) 
following the manufacturer’s instructions. Cells were harvested and 
protein lysate concentration was measured using bicinchoninic acid 
method and used to normalize glucose production readings.

LRG1 protein expression and purification. LRG1 protein was 
obtained through our collaboration with Fang Zhang at Novo Nor-
disk. Briefly, LRG1 was overexpressed in HEK 293 cell line via 
transfection of pcDNA3.1A-Lrg1-Myc-His plasmid. Culture medium 
containing LRG1-Myc-His fusion protein was collected and puri-
fied using Ni-NTA Agarose. Protein was further purified using ion 
exchange and size exclusion column. The purity and identity of final 
product were verified using SEC-HPLC, Coomassie blue staining, 
and mass spectrometry.

Tissue binding assay. Tissue binding assay was performed accord-
ing to a procedure previously described (51, 52). pCMV-SEAP-Lrg1 
plasmid was constructed by inserting mouse Lrg1 cDNA sequence 
(without the first 96 nucleotides which encode signal peptide) into 
pCMV-SEAP vector via XbaI restriction enzyme site. pCMV-SEAP and 
pCMV-SEAP-Lrg1 constructs were then transfected into 293T cells 
using lipofectamine 2000 reagent. Twenty-four hours after transfec-
tion, cells were replaced with serum-free medium and cultured for an 
additional 48 hours before collection. For in vitro tissue binding assay, 
thick cut (40 μm) frozen tissue slides were prepared from 6-month-old 
male C57BL/6J mice, and tissue sections were incubated with condi-
tion medium containing SEAP or SEAP-LRG1 at room temperature for 
1 hour before being washed with PBS. After fixing in acetone-formalin 
solution (65% vol/vol acetone, 8% vol/vol formalin, 20 mM HEPES, 
pH7.0), tissue endogenous alkaline phosphatase was inactivated at 
65°C for 15 minutes before BCIP/NBT substrates were incubated with 
the sections in order to detect positive binding of SEAP-LRG1 fusion 
protein. For competitive binding, LRG1-Myc-His fusion protein was 
transiently expressed in 293T cells, collected in serum-free medium, 
and used for preincubation with tissue sections before SEAP or SEAP-
LRG1 condition medium.

pre- and postinjection of glucose intraperitoneally. For insulin toler-
ance test (ITT), mice were fasted for 4 hours in the morning before 
injected with insulin, glucose levels were determined by glucose meter 
(Bionime) at different time points, and insulin levels were measured 
using insulin ELISA kit (ALPCO, catalog 80-INSMS-E10).

Adipocyte differentiation and treatment. Brown adipocyte cell lines 
were maintained in growth medium (DMEM with 10% FBS and 1% 
penicillin-streptomycin). Two days after confluence (day 0), differ-
entiation was induced by adding IBMX (0.5 mM), indomethacin (125 
μM), dexamethasone (1 μM), insulin (20 nM), and T3 (1 nM), and 
cells were cultured for 3 days. Cells were then maintained in growth 
medium containing insulin (20 nM) and T3 (1 nM) until fully differ-
entiated. Cells were incubated with fresh growth medium before fur-
ther treatments. 3T3-L1 preadipocytes were maintained in growth 
medium (DMEM with 10% fetal calf serum and 1% penicillin-strep-
tomycin). Two days after confluence, differentiation was induced by 
adding IBMX (0.5 mM), dexamethasone (1 μM), and insulin (1 μg/mL) 
and cells were cultured for 3 days. Cells were then cultured in growth 
medium containing insulin (1 μg/mL) for 2 more days followed by 
maintenance in the growth medium. For primary adipocyte studies, 
adipose tissue SVF cells were isolated according to a procedure pre-
viously described (47), and cells were cultured in DMEM containing 
20% FBS and induced for differentiation based on the same procedure 
for cell lines until fully differentiated.

Identification of secretory proteins from adipocytes. Brown adi-
pocyte cell line and 3T3-L1 cell line were cultured and induced for 
differentiation according to a protocol previously described (47). 
Total RNA was isolated from cells before and after differentiation, 
and gene expression was measured using GeneChip 3′ IVT Express 
Kit (Affymetrix, Inc., catalog P/N901229). Data analysis was per-
formed according to the manufacturer’s instructions. Differentially 
expressed genes were selected using 2-fold difference and an adjust-
ed P value (false positive rate) of less than or equal to 0.05 as the 
cutoff criteria, and further annotated using MetazSecKB database 
(http://proteomics.ysu.edu/secretomes/animal/index.php) in order 
to identify secretory factors.

Lipid content measurement. Serum and tissue levels of triglycer-
ide were measured using a triglyceride colorimetric assay kit (Cay-
man Chemical, catalog 10010303) according to the manufacturer’s 
instructions. Cholesterol levels were measured using a total cholester-
ol and cholesteryl ester colorimetric kit (BioVision, catalog K603-100) 
following the manufacturer’s instructions.

Histology. For tissue histology, samples were harvested and fixed 
in 4% formaldehyde and embedded in paraffin. Tissue sections (5 
μm thickness) were prepared and stained with hematoxylin and eosin 
(H&E) using standard protocol (48). Oil Red O staining was used to 
visualize lipid droplets within tissue sections. Briefly, fresh tissues 
were isolated and prepared into frozen sections (5-μm thickness) and 
fixed in 10% neutral buffered formalin. Sections were incubated with 
Oil Red O solution and Mayer’s Hematoxylin, washed with water, and 
pictures were taken immediately.

Adipocyte size and number measurement. Adipocyte size was mea-
sured on H&E-stained sections using Image J software. Total adipo-
cyte numbers of each fat pad were determined according to the proce-
dure as described in previous reports (47, 49). In brief, mean adipocyte 
diameter was measured on H&E sections with Image J software. Adi-
pocyte density (cells/unit volume) was calculated based on adipocyte 
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lower phase was used for measuring 14C contents. Protein extraction 
was used to calibrate the results.

Fatty acid oxidation assay. Fatty acid oxidation assays were per-
formed according to a similar procedure as previously described (57). 
Briefly, primary hepatocytes were cultured in 25T flasks overnight 
with serum-free medium in the presence or absence of LRG1 (20 μg/
mL). [1-14C]-Palmitic acid (Moravek-Biochemicals, 53 mCi/mmol) was 
dried under nitrogen gas and resuspended in α-cyclodextrin. Cells 
were rinsed with PBS and incubated with 1 mL fresh serum-free medi-
um containing 0.417 μCi/flask [1-14C]-palmitic acid for 30 minutes 
at 37°C. Flasks were capped with a rubber stopper with filter paper 
containing KOH. Reactions were stopped by adding 2.6 N HClO4 and 
CO2 was trapped for 2 hours before the filter paper was removed for 
counting 14C signal. Cells were lysed for protein extraction to calibrate 
between samples.

Accession number and data sharing. Raw data and processed data 
of microarray and RNA-Seq in this study were deposited in the NCBI 
Gene Expression Omnibus database (GEO GSE185484).

Statistics. All data are mean ± SEM unless specified. For animal 
experiments, all mice were age-matched and assigned randomly to dif-
ferent treatment groups to avoid potential bias. All results were repre-
sentative of at least 3 repeated experiments or as indicated. Unpaired 
2-tailed t test was used for the comparison between 2 groups and 1-way 
ANOVA was used for the comparison of multiple groups. The statistical 
analysis was performed by using GraphPad prism 8 and Microsoft Excel. 
P less than or equal to 0.05 was considered statistically significant.

Study approval. All human sample study protocols were 
approved by either the IRB of the UT Health San Antonio (protocol 
no. HSC20160323N) or the Second Xiangya Hospital (protocol no. 
2020-072).
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Evaluation of LRG1 target tissue in vivo. Quantitative biodistribu-
tion of exogenous LRG1 was determined using fluorescence labeling 
in combination with NIR imaging (51). Purified LRG1-Myc-His pro-
tein was labeled with Vivo Tag 680XL using a NIR Fluorochrome 
labeling kit (PerkinElmer, catalog NEV11118) according to the man-
ufacturer’s instructions. Degree of labeling (DOL) was calculated in 
order to determine the amount of Tag for control group injection. 
Labeled protein Tag-LRG1 was injected intravenously into male 
C57BL/6J mice (4–6 months of age) at 5 μg/g body weight dosage. 
Control group was injected with equal amount of Tag fluorophore. 
The distribution of florescence signal was monitored using IVIS Spec-
trum in vivo imaging system (Optical Imaging Facility at UT Health 
San Antonio). Both whole-body and tissue florescence signal was 
recorded, and the radiance (photons/second/cm2/steradian) values 
of each tissue at different time points after injection were used for 
quantification of Tag or Tag-LRG1 binding.
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reverse transcription following instructions from QuantiTect Reverse 
Transcription kit (Qiagen, catalog 205314). For qPCR analysis, gene 
expression levels were detected using SYBR Green (Applied Biosyste-
ms, catalog A25742) method and the reaction was carried out using 
C1000 Touch Thermal Cycler (Bio-Rad) in the UT Health San Anto-
nio Biobanking and Genome Analysis Core. The relative gene expres-
sion was normalized to endogenous housekeeping gene β-actin levels 
using ΔΔCT method, data are presented as fold change over control, 
unless otherwise indicated.

Immunoblotting analysis. Total protein lysates were prepared by 
homogenizing tissue in lysis buffer that contains 50 mM HEPES (pH 
7.6), 150 mM NaCl, 20 mM Na pyrophosphate, 20 mM β-glycerophos-
phate, 10 mM NaF, 1% NP-40, and 10% glycerol. Proteinase inhibitors 
(GenDEPOT, catalog P3200-020) were freshly added to the buffer. 
An equal amount (~20 μg) of samples was loaded into 8% to 12% SDS-
PAGE gel and resolved by electrophoresis. Proteins were transferred 
onto nitrocellulose membrane, blocked in 1% bovine serum albumin, 
and incubated with primary antibodies at 4°C overnight. The blots 
were then incubated with HRP-conjugated secondary antibody and 
developed by ECL method.

Lipogenesis assay. Lipogenesis assays were performed according to 
a previously described procedure (56). In brief, primary hepatocytes 
were plated onto 12-well plates and cultured overnight in serum-
free medium containing PBS, LRG1 (20 μg/mL), insulin (100 nM), 
or LRG1 plus insulin. Cells were rinsed with PBS and incubated with 
serum-free medium containing 10 μM cold acetate and 0.5 μCi/mL 
[1,2-14C]-acetic acid (PerkinElmer, catalog NEC553050UC) for 2 
hours. After washing twice with PBS, the cells were lysed with 0.1N 
HCl. Lipid was extracted using Chloroform-methanol (2:1, vol/vol), 
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